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Abstrat
Raman spetrosopy has been the most extensively employed method to study arbon
nanotubes at high pressures. This review overs reversible pressure-indued hanges
of the lattie dynamis and struture of single- and multi-wall arbon nanotubes
as well as irreversible transformations indued by high pressures. The interplay of
ovalent and van-der-Waals bonding in single-wall nanotube bundles and a strutural
distortion near 2 GPa are disussed in detail. Attempts of transforming arbon
nanotubes into diamond and other superhard phases are reviewed ritially.
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2
1 Introdution
Single-wall arbon nanotubes (SWNTs) are tubular maromoleules with typial diameters on the
order of 1 nm and lengths up to several µm that are made purely from arbon. As a onsequene
of their small diameter and very large length-to-diameter ratio, isolated nanotubes represent
nearly ideal realizations of a one-dimensional system, in partiular with regard to their eletroni
properties. Solid SWNT material produed by the ommon growth tehniques, however, usually
onsists of tangled bundles ontaining up to a few hundred aligned nanotubes. Mehanially,
arbon nanotubes ombine high stiness and tensile strength with low density. Their fasinating
struture and speial harateristis as well as the prospet of numerous tehnial appliations has
led to intense researh on this material over the last deade. Part of the potential appliations [1℄
 inluding eletron eld emission [2℄, eld-emission displays [3, 4℄, hydrogen storage [5℄, single
eletron transistors [6℄, gas sensors [7℄, and nanomehanial devies [8℄  have been realized during
reent years. The disovery of the single-wall arbon nanotubes in 1993 [9, 10℄ was preeded by
the observation of multi-wall nanotubes (MWNTs) two years earlier [11℄. The latter onsist of a
oaxial series of arbon tubes nested one inside the other.
Appliation of high pressures is the ideal tool to tune ontinuously the bonding properties
of a solid. The strutural variations aet virtually all material properties. In the ontext of
arbon nanotubes, the pressure-indued hanges of the vibrational harateristis are of parti-
ular interest. They yield, although indiretly, important information on the bonding properties,
espeially with regard to the interplay of ovalent and van-der-Waals (vdW) bonding. In ad-
dition, strutural transformations manifest themselves in hanges of the lattie dynamis. The
vibrational properties of nanotubes in a high-pressure diamond anvil ell (DAC) an readily be
investigated by Raman spetrosopy whih has played an important role in the eld of arbon
nanotubes for a long time.
This review is organized as follows. Setion 2 summarizes some basi bakground information
on the properties and synthesis of arbon nanotubes. Reversible pressure-indued hanges of
the lattie dynamis and struture of single-wall and multi-wall nanotubes will be disussed in
setions 3 and 4, respetively. Setion 5 addresses the question of irreversible pressure-indued
strutural transformations, espeially towards hard phases suh as diamond. Finally, perspetives
on possible future developments are briey presented in the onluding setion 6.
3
2 Bakground
Comprehensive treatments of the synthesis, haraterization, properties and appliations of ar-
bon nanotubes were presented in several books and review artiles, see e. g. Refs. [12,13,14,15℄.
Here, we shall summarize briey some basi information to make this short review reasonably
self-ontained.
2.1 Basi Properties of Carbon Nanotubes
Single-wall arbon nanotubes an be thought of as being formed by rolling a graphene sheet into
a ylinder (Fig. 1). Depending on how the sides of the sheets are joined, nanotubes of dierent
diameter and heliity are obtained. All possible strutures are uniquely identied by a pair of
integer numbers, the roll-up vetor (n,m). It denes the hirality vetor Ch = na1 +ma2 that
onnets two symmetry-equivalent atoms of the 2D graphene sheet (Fig. 1). After rolling the
graphene sheet into a tube, the hiral vetor beomes a irumferential line of the tube. SWNTs
with a roll-up vetor of the form (n, 0) are alled zigzag tubes. Armhair tubes are haraterized
by a roll-up vetor (n, n). Both types are ahiral tubes; all other tubes are referred to as hiral
nanotubes. The diameter of a arbon nanotube is given by
dnm = |Ch|/pi =
√
3a
CC
(m2 + nm+ n2)1/2/pi, (1)
where a
CC
denotes the arbonarbon bond length (1.42 Å). Single-wall nanotubes grown by the
ommon ar-disharge or laser-ablation methods [13,16℄ usually exhibit a narrow distribution of
diameters. A typial average diameter of 1.4 nm is lose to that of a (10, 10) nanotube. SWNTs
do not generally exist as individual tubes. They rather form bundles of up to a few hundred
tubes in a regular hexagonal lattie [17, 9, 10℄.
The eletroni properties of SWNTs depend on their struture. There are metalli, semi-
metalli, and semionduting SWNTs with eletroni band gaps up to ∼1 eV. Being derived
from graphene sheets, arbon nanotubes show predominantly sp2-type bonding of the arbon
atoms. Deviation from the planar bonding introdues, however, some sp3-type hybridization.
In view of the strong ovalent bonding, arbon nanotubes have been expeted to exhibit high
stiness and tensile strength. Measurements of mehanial quantities are diult to perform on
individual tubes. Nonetheless, suh experiments were arried out and large values of Young's
modulus on the order of 1 TPa were reported [18, 19, 20℄.
Raman spetrosopy has beome a widespread tool for the investigation as well as the routine
haraterization of arbon nanotubes [13℄. It yields information on the vibrational and, indiretly,
on the strutural properties. Raman spetra of SWNTs typially show intense peaks in the
spetral ranges of 160200 and 15001600 m
−1
(Fig. 2). The rst assignment of these features
was given by Rao et al. [21℄. The low-energy peaks are attributed to a radial breathing mode (R
band), where all C atoms are subjet to an in-phase radial displaement. This mode is rather
strongly diameter-dependent and was therefore proposed as a means to determine the SWNT
diameter [22℄. The higher-energy peaks are attributed to modes with neighboring C atoms
vibrating out-of-phase parallel to the surfae of the ylinder (tangential modes, T band) [21℄ whih
are related to the E2g(2) phonon at ∼1580 m−1 in graphite [23,24,25,26℄. In ahiral tubes, one
an distinguish two tangential modes with atomi displaements parallel and perpendiular to
the tube axis, respetively. Besides these Raman-ative vibrations, there exists a defet-related
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Figure 1: Rolling-up of a graphene sheet into a nanotube. The geometry of a single-wall nanotube
is dened by the roll-up vetor (n,m) or, equivalently, the hiral vetor Ch = na1 +ma2. The
hiral vetors of a zigzag and an armhair tube are also shown.
mode near 1350 m
−1
that is known from graphite [27℄. Overtone and ombination modes of the
above exitations have also been observed.
Multi-wall arbon nanotubes usually onsist of several tens of onentri shells. The spaing
between the sheets equals approximately the interlayer distane in graphite (3.4 Å). Like in the
ase of the SWNTs, bending of the graphene sheets has little inuene of the strutural and
eletroni properties. This applies all the more to MWNTs beause of their larger diameter, i. e.,
smaller urvature of the layers. Besides the geometry, the most important dierene between
MWNTs and graphite is the onnement of the harge arriers to the tubular struture of the
nanotubes. Many physial properties of MWNTs are quite similar to those of graphite.
2.2 Synthesis of Carbon Nanotubes
Until reently, two methods have dominated the prodution of arbon nanotubes: ar-disharge
(AD) growth and synthesis by pulsed-laser vaporation (PLV) [28, 10, 17, 16℄. Both methods
are based on the evaporation of arbon from a solid soure. In the ar-disharge method, a He
plasma is reated between two opposing arbon eletrodes. Carbon is evaporated at temperatures
of 30004000 K. It ondenses at lower-temperature areas of the athode and forms nanotubes
and other arbon partiles, depending on the growth onditions. For the growth of SWNTs
yttrium and/or transition metals need to be used as a atalyst. A typial mixture for the anode
ontains 1 at. % of Y and 4.2 at. % of Ni besides the arbon (graphite) [29℄. In the PLV
proess, evaporation of arbon is ahieved by laser ablation from a arbon target in a furnae at
∼1500 K [17℄. The harateristis, in partiular the diameter distribution and the yield of the
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Figure 2: Raman spetrum of ar-disharge-grown SWNTs at ambient onditions (λ
ex
= 515 nm).
nanotubes an be ontrolled by the hoie of atalysts and growth onditions (inert gas pressure,
disharge urrent, . . . ).
Removal of the metal atalyst partiles and by-produts suh as fullerenes, graphiti polyhe-
drons, and amorphous arbon an be ahieved by a puriation proess. It involves reuxing the
as-grown material in a nitri aid solution, resuspending the nanotubes in pH-10 water with a
surfatant, and ltration [30℄, possibly followed by a heat-treatment in vauum to remove residues
of the hemial treatment. This method produes a free-standing mat of tangled SWNT ropes,
so-alled buky paper.
As an alternative, hemial vapor deposition (CVD) has been employed for the growth of
arbon nanotubes [16℄. It had been used for the prodution of arbon bers and laments
before the advent of arbon nanotubes. While it has been hallenging to produe struturally
perfet nanotubes by this method, it oers the possibility to grow ordered and aligned nanotube
strutures [31, 16℄. Furthermore, nanotube growth at spei loations on a surfae an be
ahieved by employing ontat printing or lithographi tehniques to ontrol the deposition of
the atalyst on a substrate [16℄.
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Figure 3: (left) Raman spetra of PLV-SWNT bundles in the region of the radial breathing
mode as a funtion of pressure (T = 300 K, exitation wavelength λex = 515 nm). The R band
disappears beyond 1.5 GPa. (right) Pressure dependene of the radial mode wavenumber. Solid
(open) symbols refer to data measured during the upward (downward) yle of pressure. The
lines show results of GTBMD alulations (models IIII in Ref. [32℄) for a (9, 9) nanotube bundle.
Reprodued from Ref. [32℄.
3 Lattie Dynamis and Struture of SWNTs
The vibrational properties of single-wall arbon nanotubes under hydrostati pressure have been
investigated in numerous Raman sattering studies. In the following two setions, results on the
radial mode and the tangential modes will be reviewed, respetively. In either ase, there are
indiations of a strutural distortion or transition near 2 GPa that will disussed in setion 3.3.
3.1 Radial Breathing Mode
Basi Results The rst study of the eet of hydrostati pressure on the Raman spetrum of
SWNTs was published by Venkateswaran et al. [32℄. Figure 3 shows Raman spetra of as-prepared
PLV-SWNT bundles in the spetral region of the R band [32℄. The ommon 4:1 methanol/ethanol
mixture was used as the pressure transmitting medium in the diamond anvil ell. The R band
shifts towards higher wavenumbers with inreasing pressure at rate of 7 ± 1 m−1/GPa. The
R band dereases in intensity as the pressure is inreased, and it vanishes beyond 1.5 GPa in
ontrast to the higher-energy tangential modes (setion 3.2). Upon pressure redution from
5.2 GPa, the R band reappears around 1.5 GPa. After the pressure yle, the R mode reovered
only part of its initial intensity.
In plae of the ommon methanol/ethanol pressure medium, Obratzsova et al. [33℄ used
ondensed nitrogen as a pressure transmitter, that is uid up to 2.5 GPa (at ambient temperature)
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Table 1: Compilation of Raman sattering and theoretial results on arbon nanotube phonon
wavenumbers ω0 and their respetive pressure dependenes dω/dP . The experimental T -band data
refer to the most intense omponent of the T -band. Grouped together are experiments that ap-
pear to have been performed on samples of the same origin. A 4:1 methanol/ethanol mixture
(M/E) was used as a pressure medium, unless noted otherwise (H2O, N2, He, M/E/W {16:3:1
methanol/ethanol/water}).
R-band T -band
sample ω0 dω/dP ω0 dω/dP P range λex referene notes
(m
−1
) (m
−1
/GPa) (m
−1
) (m
−1
/GPa) (GPa) (nm)
experiment
PLV SWNT (1) 186 7(1) 1593(1) ∼4.9a 05.5 515 [32,40℄
7.5 02
4.8 25.5
PLV SWNT (2) 181(3) 10.1(12) 1591 10.1(11) 01.7 515 [34℄
5.8(2) 1.75.3
PLV buky paper 186 ∼10 1592 4.9 010 488 [33,41℄ N2
PLV s-SWNT 190 8.4 ? ∼5.1d 04.8 515 [40,42℄
7.8 01.8
4.7 1.84.8
AD SWNT 171 9.7(5) 1593 5.7 010 515 [35,36℄
1592 6.0 010 647 [43℄
AD buky paper (1) 172 9.6 1595 5.3 010 515 [37,38℄ M/E/W
4.5 1625 M/E/W
1594 6.1 010 [39℄ M/E/W
1596 7.1 07 H2O
170 9.1 M/E/W & H2O
180 8.1 M/E/W & H2O
AD buky paper (2) 173 8.3(1) 1598(1) 5.8(1) 09 515 [40℄
MWNT (1) 1583 4.3 010 515 [36℄
MWNT (2) 1583(1) 3.8(1) 09 515 [40℄ M/E
3.7(1) 19 He
graphite 1579 4.7 [25℄
theory
(9, 9) bundle 186.2 ∼8.3b 1576 ∼6.6c 05.5 [32℄ model I
(10, 10) bundle 162 14 1690 11 0.10.5 [44℄
a
linear approximation to the relation ω(P ) = ω0 + aP + bP 2 with a = 7.1(8) and b = −0.4(2) given in the original work
b
linear approximation [a = 9.6, b = −0.65℄
c
linear approximation [a = 8.3, b = −0.31℄
d
linear approximation [a = 7.0, b = −0.35℄
and provides quasi-hydrostati onditions to several tens of GPa. Here, the R band of PLV buky
paper was observed to shift at a rate of ∼10 m−1/GPa. This is larger than the shift observed by
Venkateswaran et al. [32℄, but onsistent with results of Peters et al. [34℄, Thomsen et al. [35,36℄,
and Sood et al. [37,38℄. Teredesai et al. [39℄ employed water as a pressure medium, that solidies
near 1 GPa (at 300 K), and found for the R band essentially the same pressure dependene as
in the ase of a 16:3:1 mixture of methanol/ethanol/water. Altogether, pressure shifts of the R
band wavenumber in the range 710 m
−1
/GPa have been reported, with no lear orrelation
between the shift rate and the sample type or experimental onditions. Table 1 summarizes the
numerial results of all the studies ited here and in the next setion.
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Figure 4: Cross-setional view of a SWNT bundle showing shematially the fores on the bundle
and the individual tubes in the triangular lattie when hydrostati pressure is applied. In model
I, the entire bundle is subjeted to an external ompression. In model II, the individual tubes
are eah ompressed symmetrially, and intertubule oupling is ignored. The absene of vdW
interations between the tubes is shown shematially by the lightly shaded tubes surrounding
the enter tube. In model III, the pressure medium is allowed to penetrate into the interstitial
hannels between tubes and thereby exerts a sin2 3Θ fore on the tubes. Models I and III inlude
intertubule vdW oupling. Reprodued from Ref. [32℄.
Lattie Dynamial Calulations To aid the interpretation of their experimental results,
Venkateswaran et al. [32℄ performed alulations of the radial and tangential modes frequenies of
a (9, 9) SWNT bundle, using a generalized tight-binding moleular dynamis (GTBMD) sheme.
Going beyond the original formulation of this method [45℄, they treated the van-der-Waals-
type (vdW) intertubule interation by the addition of a Lenard-Jones-type potential to the
GTBMD. Three models of the interation of the pressure medium with the nanotube bundles
were onsidered as shown in Fig. 4. Comparison of the theoretial and experimental results in
Fig. 3 shows that only their model I, where the pressure medium does not penetrate the bundles,
is in agreement with the experiment. Comparison between model I and model II (without
vdW fores) demonstrates the importane of the initially weak intertubule interation for the
experimentally observed pressure dependene of the radial mode frequeny. None of the pressure
media alohol, water, and nitrogen that have been employed in the various studies appears
to penetrate into the interstitial hannels (diameter ∼2.6 Å [32℄) between the bundled arbon
nanotubes.
Intertubule Interation It was notied [32℄ that inlusion of the intertubule vdW interation
in the alulation leads to an up-shift of the zero-pressure R mode wavenumber by ∼14 m−1
(∼8%). Further tight-binding alulations by Kahn and Lu [44℄ as well as Henrard et al. [46,47℄
predited a 624 m
−1
inrease in wavenumber for the R modes in bundled nanotubes with
diameters of 1016 Å ompared to those of the respetive isolated tubes. These are important
results as the R mode wavenumber ωR was proposed [22, 48℄ as a measure for the nanotube
diameter dt (Eq. 1) via the relation ωR = 223.75(m
−1 × nm)/dt. If one neglets the small
dependene [47℄ of the vdW-related wavenumber shift on nanotube geometry for the range of tube
diameters of experimental interest, this leads to a modied relation between R mode wavenumber
and tube diameter, ωR ≈ 224(m−1 × nm)/dt +∆vdW, where ∆vdW is on the order of 15 m−1.
However, reent experiments [49℄ on very small bundles ontaining only a few nanotubes, so-alled
solubilized tubes (s-SWNT [50,51℄), have evidened a small up-shift of the R mode Raman peak
9
in the debundled tubes ompared to the bundled ones. The apparent ontradition to the above
lattie dynamial preditions was resolved by also taking into aount the eet of intertube
interation on the eletroni density of states as well as the known diameter-seletive resonane
eets in the Raman sattering proess [21,52,53℄. Altogether, the intertube interation has been
estimated to lead to a down-shift of the R mode Raman peak of ∼4 m−1 for metalli tubes and
∼40 m−1 for semionduting tubes, despite the up-shift of the R mode vibrational frequeny on
the order of 15 m
−1
. It is unlear at present to what extent the pressure-indued hanges of
the eletroni struture aet the shift of the R mode Raman peak under pressure.
The eet of intertubule interation was further studied by Shleht et al. [40, 42℄ in a
high-pressure experiment on the above-mentioned solubilized nanotubes. From a height-prole
analysis of sanning fore mirosopy images [50, 51℄, these s-SWNTs were dedued to ontain
nanotubes mostly in small bundles of 37 tubes, but also some isolated tubes. Although the
ambient-pressure R mode energy is aeted by the redution in bundle size [49℄, they observed,
surprisingly, a shift rate of 8.4 m
−1
/GPa whih equals the average value for the R band in
bundled SWNTs. At this stage it appears as if the vdW interation with as few as two neighbor-
ing nanotubes in a bundle were suient to indue the large pressure shift observed in bundled
SWNTs and attributed to the intertube interation.
Elastiity Theory The normalized pressure dependene ω−10 dω/dP ≡ d lnω/dP of the radial
mode is larger by a fator of ∼15 than that of the tangential modes (setion 3.2) or graphite [25℄.
The importane of the vdW fores between the tubes was illustrated by Thomsen et al. [35℄
in the framework of elastiity theory. Here, a nanotube is approximated by a hollow ylinder
with isotropi elasti properties within the sheet that is rolled up [54,36,55℄. Under hydrostati
pressure, the ratio of the irumferential to axial strain was dedued as uΘΘ/uzz = 1.9. The
assumption of similar dependenes on strain, rather than pressure, for the radial and tangential
modes, led Thomsen et al. to the expetation that the logarithmi pressure dependene of the
R mode should only be about twie as large as that of the tangential modes in the absene of
the vdW fores. Assuming additive fore onstants, the logarithmi pressure dependene of the
R mode in a bundle an be separated into a ontribution (1−α) from the radial breathing mode
of the isolated tube (ω
RBM
) and a ontribution α from the van-der-Waals interation (ω
vdW
),
d lnω
dP
=
(
ω
RBM
ω0
)2 d lnω
RBM
dP
+
(
ω
vdW
ω0
)2 d lnω
vdW
dP
(2)
= (1− α)d lnωRBM
dP
+ α
d lnω
vdW
dP
. (3)
Taking the pressure derivative of the RBM term to be that of the intramoleular high-energy
graphite mode (0.003 GPa
−1
[25℄) and the van-der-Waals omponent to orrespond to the pure
van-der-Waals type B1g mode of graphite (0.15 GPa
−1
[56℄), led to the onlusion that the fore
onstant of the Rmode is to α = 37% of van-der-Waals nature. This is equivalent to an up-shift of
the radial breathing mode from 136 m
−1
for an isolated tube to 171 m
−1
in a bundle. Although
the van-der-Waals ontribution is somewhat overestimated in omparison to the tight-binding
results, it demonstrates its importane and illustrates how mehanial properties of mesosopi
arbon nanotubes an be studied with the relatively simple ontinuum mehanial model [55℄.
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Figure 5: R band integrated intensity of AD-SWNT buky paper as a funtion of pressure,
normalized to its value at 0.5 GPa (λex = 515 nm). The lines are guides to the eye. The
inset shows the ratio of the R band to T band integrated intensity. The abrupt disontinuity
near 2 GPa is apparent in the insert sine the disontinuity in the T band intensity is not as
pronouned as that of the R band. Reprodued from Ref. [40℄.
R-Mode Disappearane Redution in intensity and broadening of the R-mode Raman peak
with inreasing pressure as well as its disappearane near 2 GPa have been onrmed in a number
of investigations with exitation at 515 nm [35, 38, 34℄ and 488 nm [33℄. In one experiment on
ar-disharge SWNT buky paper [40℄, the R mode ould be followed up to 7 GPa, but a
disontinuous drop in intensity was observed near 2 GPa (Fig. 5). The intensity derease under
pressure was tentatively attributed to a loss in the eletroni resonane of the Raman sattering
ross setion due to a hexagonal distortion in the ylindrial ross setion of the nanotubes in
bundles under ompression [32℄. Further experimental results on the tangential modes under
pressure indiate a subtle strutural transition near 2 GPa that will be disussed in detail in
setion 3.3.
3.2 Tangential Modes
Basi Results Figure 6 shows Raman spetra of as-prepared AD-SWNT bundles [36℄. In the
region of the T band, the Raman spetra exhibit three omponents, all of whih shift towards
higher wavenumbers with inreasing pressure (Fig. 7). In this experiment, all omponents of
the T band exhibited essentially the same pressure dependene of 5.75.8 m−1/GPa. Other
experiments [37,38,40,39,43℄ on AD SWNTs employing methanol/ethanol as a pressure medium
give similar results, i.e., wavenumber shifts of 5.36.1 m
−1
/GPa for the most intense omponent
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Figure 6: Raman spetra in the tangential-mode region of ar-disharge grown SWNTs for in-
reasing hydrostati pressures up to 10 GPa. Solid lines represent the experimental data and
dotted ones the deomposition of the spetra into three peaks. Reprodued from Ref. [36℄.
of the T band (Table 1). In PLV-grown samples, the average pressure-indued shifts appear to
be somewhat smaller. All of the studies on PLV samples [32, 40, 33, 42℄ exept for that by
Peters et al. [34℄ report wavenumber shifts of 4.75.1 m
−1
/GPa. The dierene between AD-
and PLV-grown samples may be related to the smaller average diameter of the latter. The
phonon-frequeny alulations by Kahn and Lu [44℄ on bundled armhair tubes [(n, n) tubes
with n = 1013℄ indiate a orrelation between the pressure dependene of the tangential mode
frequenies and the nanotube diameter. The same applies, however, to the radial mode, where
suh a orrelation is not reognizable in the available experimental data.
Strutural Transition at 2 GPa In their early work, Venkateswaran et al. [32℄ reported a
sudden drop of the T mode intensity by a fator of 5 between 1.5 and 1.9 GPa and above 1.9 GPa
a broadening of the T band with inreasing pressure. The broadening turned out to be mostly
reversible upon pressure release from the maximum value of 5.2 GPa. In ontrast, only about
half of the initial R and T band intensity was reovered, and the peak positions were shifted
to slightly lower wavenumbers by 24 m
−1
. The observation that the pressure-indued hanges
were not fully reversible was taken as an indiation that the intertubular ontats within the
bundles might hange under pressure.
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Figure 7: Wavenumbers vs pressure of the three T -band omponents of the AD-SWNTs shown
in Fig. 6 and for the E2g-like mode of AD multi-wall nanotubes. Reprodued from Ref. [36℄.
An abrupt derease of the pressure dependenes of the tangential mode wavenumbers was
rst reported by Peters et al. [34℄. Figure 8 depits the hange in slope of the tangential modes of
PLV-SWNTs at 1.7 GPa. Below the ritial pressure, the modes shift at a rate of ∼10 m−1/GPa.
Above 1.7 GPa, the slopes of the two higher-energy omponents redue to ∼5.9 m−1/GPa and
that of the lower-energy peak beomes as small as 0.7(1) m
−1
/GPa. The peak frequenies were
observed to return to their initial values after pressure release, but only after some delay on the
order of 30 minutes. These results motivated a reanalysis of the earlier data of Venkateswaran
et al. [32℄ that had initially been represented by a quadrati polynomial. The reanalysis showed
that the urvature of the tangential-band energy shift ould possibly be interpreted as a hange in
slope of the wavenumber shift near 2 GPa [40℄. The most intense omponent of the T -band then
exhibits a shift of 7.5 m
−1
/GPa in the range 02 GPa and a smaller shift of 4.8 m
−1
/GPa in the
range 25.5 GPa (Table 1). These observations were the rst indiations of a subtle strutural
transition in the nanotube bundles near 2 GPa that will be disussed in detail in setion 3.3.
Shear Strain In two of the Raman studies on AD-SWNTs [43, 39℄, signiant dierenes be-
tween the pressure shifts of the individual omponents were reported. Reih et al. [43℄ interpreted
this nding in an experiment with exitation at 647 nm, i.e., where resonant Raman sattering
mainly from metalli tubes is expeted, in terms of shear strains due the dierene in axial and
radial ompression, as disussed in the previous setion. In armhair tubes, that are always
metalli, this anisotropy is expeted to result in dierent pressure derivatives for the frequeny
of modes with axial and irumferential displaement of the atoms [43℄. Teredesai et al. [39℄,
on the other hand, onduted the experiment with exitation at 515 nm, where semiondut-
ing tubes should be in resonane. If a methanol/ethanol/water mixture was used as pressure
medium, the three most intense omponents shifted at rates of 5.86.1 m
−1
/GPa, whereas two
low-energy, low-intensity omponents of the T band shifted with 5.3 m−1/GPa (Fig. 9). This
dierene beame muh more pronouned, when water was used as pressure medium. In this
ase, wavenumber shifts in the range 3.78.0 m
−1
/GPa were observed. A possible ause for this
hange are nonhydrostati stress omponents that may arise in water as a pressure medium that
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Figure 8: Raman shift vs pressure for tangential modes after Peters et al. [34℄. The three
tangential peaks are represented by irles, squares, and diamonds, respetively. Open (losed)
symbols indiate data taken on pressure inrease (derease).
Figure 9: Variation of the tangential mode wavenumbers of AD buky paper with respet to
pressure, using (a) a 16:3:1 methanol/ethanol/water mixture and (b) pure water as pressure
media. The solid (open) symbols represent data for inreasing (dereasing) pressures. The
straight lines are linear ts to the data with the resulting pressure derivatives (in m
−1
/GPa)
given on the gure (λex = 515 nm). Reprodued from Ref. [39℄.
solidies at 1 GPa, whereas the alohol mixture remains liquid up to 10 GPa.
Strutural Resiliene The strutural stability of SWNTs under ompression up to 30 GPa
has been explored by Sood et al. [37, 38, 39℄. Figure 10 depits Raman spetra reorded on
AD-SWNT buky paper with a methanol/ethanol/water mixture as the pressure transmitting
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medium. The signal intensity dereases ontinuously with inreasing pressure up to 26 GPa.
After pressure release, the initial Raman spetrum is essentially reovered. Compared to the
initial spetrum, there is only an intensity loss of about 20% and a moderate inrease in peak
width. The peak positions as a funtion of pressure are shown in Fig. 11. The important result
here is a pronouned softening that ours for inreasing pressures in the range of 10 to ∼16 GPa.
Upon pressure derease, essentially the same anomaly is observed. It should be mentioned that
the anomaly may, in priniple, be related to the solidiation of the pressure transmitting medium
at 10 GPa and the assoiated ourrene of shear strains above this pressure. Experiments
with pressure media other than alohol were, unfortunately, limited to maximum pressures of
9 GPa (nitrogen [33℄, solid at 2.5 GPa) and 7 GPa (water [39℄, solid at ∼1 GPa). Teredesai
et al. [39℄ argued that the absene of a phase transition up to 6 GPa in the experiment with
water would rule out the possibility that the 10-GPa anomaly ould be related to the freezing
of the pressure medium. For unambiguous evidene that the anomaly is an intrinsi property of
arbon nanotubes, the softening should, ideally, be reprodued in an experiment to 1520 GPa
employing a fully hydrostati pressure medium, i.e., helium.
In omplementary x-ray diration work on the same type of sample by Sharma et al. [58℄,
the (1 0) reetion of the two-dimensional triangular lattie of the SWNT bundles vanished at
∼10 GPa. They employed 4:1 methanol/ethanol as a pressure transmitter. A alulation of
diration patterns showed that a hexagonal faetting of the nanotubes does not aet signi-
antly the intensity of the (1 0) reetion. Altogether, the observations were interpreted in terms
of a reversible loss of the translational oherene in the nanotube bundles. It is noteworthy
that the (1 0) reetion was observed to vanish at a muh lower pressure of ∼1.5 GPa in x-ray
diration work by Tang et al. [59℄.
The ombined Raman and x-ray diration results on the 10-GPa anomaly were interpreted
in terms of a formation of kinks and ns as investigated in moleular dynamis simulations
of highly strained nanotubes by Iijima et al. [60℄ and Yakobson et al. [61℄. The formation of
suh distortions would explain the loss of translational oherene. Also, it would explain the
apparent expansion of the triangular lattie that was observed for inreasing pressure just before
the disappearane of the (1 0) reetion [58℄. The lattie expansion may then be the ause of
the Raman mode softening. On the other hand, the axial strain of the nanotubes present at
10 GPa is muh lower than that required to indue the kinks and ns in the moleular dynamis
alulations. Whatever the strutural hanges may be, reovery of the initial Raman signature
after pressure release evidenes a remarkable resiliene of SWNTs under high pressures.
3.3 Anomaly at 2 GPa
Summary of Experimental Indiations In the preeding setions we have seen evidene
of disontinuous hanges in the Raman spetra of SWNTs near 2 GPa. In most experiments,
the R band vanishes in the pressure range 1.53 GPa (Fig. 3). In one study [40℄, the radial
mode ould be followed up to 7 GPa, but it exhibited a substantial drop in intensity at about
2 GPa (Fig. 5). Peters et al. [34℄ and Venkateswaran et al. [40℄ reported a hange in slope at
1.7 and 2 GPa, respetively, for the pressure-indued shift of the T band (Fig. 8). In ontrast,
Teredesai et al. [39℄ stated expliitly that they did not observe suh hange in slope. Finally,
Venkateswaran et al. [32℄ and Obraztsova et al. [33℄ reported broadening of the tangential peaks
to our only for pressures above 2 GPa.
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Figure 10: Raman spetra of AD-SWNT buky paper in the tangential mode region for (a)
inreasing pressures to 26 GPa and (b) dereasing pressures (λex = 515 nm). Dotted lines
represent the deompositions into Lorentzian peaks tted to the data. Reprodued from Ref. [38℄.
Theoretial Studies Moleular dynamis alulations (generalized tight-binding method) [32℄
of a (9, 9) nanotube bundle with triangular lattie evidened a hexagonal distortion of the in-
dividual tubes. The faetting ourred already at zero alulated pressure, and it inreased in
magnitude with inreasing pressure [Fig. 12(b)℄. The lattie was allowed to adopt lower than
hexagonal, i.e. oblique/monolini, symmetry. This resulted in a small dierene between the
two lattie parameters perpendiular to the nanotubes, whih orresponds to an oval deforma-
tion of the tubes [Fig. 12(a)℄. No strutural transition was inferred from these alulations up
to 5 GPa.
Calulations of a (10, 10) nanotube rope (universal fore eld method) gave rise to a rather
dierent piture [34℄. An important dierene between a triangular lattie of (9, 9) and (10, 10)
tubes is that the symmetry of the latter tubes is inompatible with the hexagonal lattie of
the bundle. Consequently, already at zero pressure two dierent in-plane lattie onstants were
dedued, the tubes were ovally distorted, and the lattie of the nanotube bundle was monolini
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Figure 11: Peak positions as a funtion of pressure for the Raman spetra of AD-SWNT buky
paper shown in Fig. 10. Peak positions of (a) three omponents of the T band up to 10 GPa, of (b)
the seond-strongest omponent (1568-m
−1
at 0 GPa), and of () the most intense omponent
(1594 m
−1
at 0 GPa). Solid (open) symbols represent data for inreasing (dereasing) pressures.
The straight lines at 010 GPa are linear ts to the data. Models IIII in panel () refer to the
alulations of Venkateswaran et al. [32℄ in the range 05 GPa. Possible strutural distortions of
the nanotube ross setion [57℄ are skethed in the inset. Reprodued from Ref. [38℄.
rather than hexagonal (Fig. 13). The alulated distortion inreased ontinuously with inreasing
pressure up to 1.75 GPa, where a sudden transition to a more distorted struture ourred.
This transition was assoiated with the experimentally observed hange in shift rate of the
tangential modes at 1.7 GPa [34℄ with the experimental and theoretial transition pressures
being in remarkably good agreement. The oval distortion of the nanotubes would explain the
disappearane of the radial band at about 2 GPa, beause it is no longer an eigenmode.
A subsequent theoretial investigation [62℄ in the framework of density-funtional theory
(DFT) onrmed the dierent behavior for SWNTs whose symmetry is ompatible or inompat-
ible with a triangular lattie. For (10, 10) nanotubes, a sudden transformation to an oval shape,
aompanied by a transformation of the lattie from near-hexagonal to pronouned-monolini
was predited. If the generalized gradient approximation (GGA) to the DFT was employed, the
transition pressure amounted to 2.5 GPa and the struture reverted to the near-hexagonal at
0.4 GPa upon pressure release. Using the loal density approximation (LDA), a lower transition
pressure of 1.2 GPa was alulated, and the monolini struture persisted down to ambient
pressure upon unloading, i.e., the struture underwent an irreversible hange. In ontrast, for
a bundle of (12, 12) nanotubes a hexagonal deformation was inferred, and the lattie remained
hexagonal over the whole pressure range of the alulation, 06 GPa.
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Figure 12: Pressure dependene, as alulated within model I of Ref. [32℄, of (a) the lattie
onstants and (b) the hexagonal distortion of the ross setion of an individual (9, 9) nanotube
in a bundle. The ratio r(>)/r(<) serves as a measure of the distortion. For larity the distor-
tion depited in the inset of (b) is exaggerated ompared to the atual deformation at 5 GPa.
Reprodued from Ref. [32℄.
Figure 13: In-plane lattie onstants vs pressure for a (10,10) nanorope. Insets: Cross setions
of tubes at atmospheri pressure and 1.85 GPa. Reprodued from Ref. [34℄.
Strutural Changes Contraditing onlusions were drawn from several diration experi-
ments of SWNTs under pressure. As mentioned before, Tang et al. [59℄ reported the disap-
pearane of the (1 0) reetion of the triangular lattie under hydrostati onditions at 1.5 GPa
(without, unfortunately, substantiating this laim by showing the orresponding diratograms).
At variane with this result, Sharma et al. [58℄ ould follow the (1 0) reetion up to ∼10 GPa,
and they did not nd evidene for a strutural transition at 1.7 GPa. The latter nding is in
aordane with the fat that Teredesai et al. [39℄ did not observe, on the same type of sample, a
hange in wavenumber shift of the tangential modes near 1.7 GPa. Likewise, there is no onsen-
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sus on the question of reversibility of the strutural hanges. The results range from persistent
deformations observed in high-resolution transmission eletron mirosopy (HRTEM) images af-
ter hydrostati pressurization to only 1 GPa [41℄, over irreversible deterioration of the bundle
struture after applying pressures of more than 45 GPa [59,63℄, to almost omplete reversibility
of the Raman spetrum of SWNTs even after subjeting them to a pressure of 30 GPa under
nonhydrostati onditions [39℄.
Conlusions Given the overall agreement on (i) the disontinuous redution in intensity of
Raman bands near 2 GPa and (ii) the theoretial results regarding the oval and hexagonal
distortions of bundled nanotubes, one may interpret the 2-GPa anomaly as follows. In a typial
arbon nanotube sample, a mixture of SWNTs is present with a range of diameters and hiralities.
Part of them may have strutures ompatible with the triangular lattie, but for a substantial
fration this will not be the ase. Quite likely, the abrupt intensity loss of the R band is therefore
aused by an oval deformation of the nanotubes. If the nanotube sample ontains a large fration
of tubes exhibiting the ovalization, it may also aet the tangential modes. Otherwise, the
ompetition between hexagonal and oval distortion may mask or smear the hange in slope so
that it beomes diult to detet. The ontinuous redution in intensity may, at least in part,
originate from the strengthened intertube interation in the bundles under pressure. It quenhes
the nearly one-dimensional harater of the eletroni struture and should lead to a broadening
of the sharp features in the eletroni density of states and onsequently redue the resonant
enhanement of the Raman signal.
The ontraditing results ompiled above may largely originate from dierenes in sample
omposition in terms of diameters and hiralities of the SWNTs. Varianes in experimental
onditions, in partiular with regard to the laser exitation power, may also be of relevane.
Substantial heating of arbon nanotubes due the inident laser radiation is known to our
already at moderate laser powers. For example, heating by several 100 K was reported for
multiwall nanotubes with exitation powers of less than 4 mW and a laser spot diameter at the
sample of 25 µm [64℄.
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Figure 14: Raman spetra of the high-energy mode of multi-wall arbon nanotubes under hy-
drostati pressure. Solid lines represent the experimental data, dashed lines depit Lorentzian
peaks tted to the spetra. Reprodued from Ref. [36℄.
4 Lattie Dynamis of MWNTs
Basi Results Raman spetra of ar-disharge-grown MWNTs under hydrostati pressure up
to 10 GPa (methanol/ethanol pressure medium) are depited in Fig. 14. A single symmetri
peak was resolved in the spetral region of the high-energy mode, orresponding to the in-plane
E2g(2) phonons in graphite. With inreasing pressure, it shifts towards higher wavenumbers at a
rate of 4.3 m
−1
/GPa (Fig. 7). In a seond study, MWNTs grown by hemial vapor deposition
(CVD) were studied under pressure with both methanol/ethanol and ondensed helium as a
pressure medium. Essentially the same pressure oeients were determined for the high-energy
mode: 3.8(2) m
−1
/GPa and 3.7(1) m
−1
/GPa for the experiments with methanol/ethanol and
He, respetively. The dierene between the results of the two studies originates most likely
from dissimilar tube dimensions (inner and outer diameters) in the AD- and the CVD-grown
samples. The key result is that the pressure dependene of the high-energy mode in MWNTs is
substantially smaller than in SWNTs (∼56 m−1/GPa, f. Table 1) and even smaller than in
graphite (4.7 m
−1
/GPa [25℄).
Elastiity Theory The dierene between the pressure oeients of the high-energy modes
in single- and multi-wall nanotubes was disussed in the framework of elastiity theory [36℄. As
mentioned above, this model approximates the nanotubes by a hollow ylinder with isotropi
elasti properties within the sheet that is rolled up [54, 36, 55℄. The axial strain uzz of a losed
hollow ylinder an be derived as uzz = −PA(1 − 2ν)/E, where ν denotes Poisson's ratio, E is
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Young's modulus, and A = R2o/(R
2
o −R2i ) is the ratio of total lid area to the area supported by
the ylinder wall. Ri and Ro refer to the inner and outer diameters of the ylinder, respetively.
On the assumption that the ratio ρ of the pressure oeients of the high-energy modes in
single- (SW) and multi-wall (MW) tubes equals the orresponding ratio of axial strain, Thomsen
et al. [36℄ obtained
ρ =
d lnωSW/dP
d lnωMW/dP
=
uSWzz
uMWzz
=
ASW
AMW
≈ 1.5 , (4)
where the inner and outer diameters of the SWNT were hosen as Ri = 5.2 Å, Ro = 8.6 Å
(orresponding to a wall thikness of 3.4 Å), and for the MWNT the values Ri = 20 Å, Ro = 75 Å
were used. The same result is obtained if one onsiders the ratio of irumferential strains. The
result is in fair agreement with their experimental value of ρ = 1.35. The dierene in pressure
derivatives of the high-energy modes in single- and multi-wall nanotubes an thus be assoiated
with the dierenes in wall thikness and tube diameter. The merit of this approah is not
so muh to make aurate quantitative preditions, but rather to help in the interpretation of
experimental data in a relatively simple framework.
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5 Strutural Transformations of Carbon Nanotubes
Bakground The prospet of transforming graphite or other arbon-rih matter into diamond
has fasinated researhers for a long time [65℄. The most eetive approah known to reah this
goal is to subjet the starting material (usually graphite) simultaneously to high pressures and
high temperatures [65,66℄. The addition of suitable atalysts an signiantly redue the pressure
and/or temperature required to ahieve the onversion. In reent years, arbon nanotubes have
also been onsidered as a starting material for the diamond synthesis. It was argued that the
urvature of the graphene sheets gives rise to a partial sp3 hybridization that might result in a
formation of ovalent sp3 CC under milder (pressure and temperature) onditions [67℄. Suh
expetations were promoted by the fat that various polymerized forms of the fullerene C60 an
be obtained from a high-pressure/high-temperature treatment [68℄. The possibility of pressure-
indued strutural transitions and polymerization of SWNTs was investigated theoretially [69,
70℄.
At ambient temperature and nearly hydrostati onditions (He pressure medium), graphite
is resistent to a transformation towards ubi diamond to at least 80 GPa [71℄. Teredesai et al.
[38℄ subjeted SWNTs to 26 GPa under quasi-hydrostati onditions (methanol/ethanol/water
pressure medium) and found the observed hanges to be almost fully reversible when omparing
Raman spetra reorded at 0.1 GPa before and after the pressure yle (Fig. 10). However, after
removal of the pressure-yled sample from the DAC and evaporation of the pressure medium,
they did observe signiant hanges of the tangential and radial bands in the form of a peak
down-shift by 610 m
−1
and some broadening (Fig. 15). On the basis of X-ray diration
measurements on the reovered sample, the authors ruled out the possibility of graphitization
sine they did not observe an inrease in intensity of the (0 0 2) reetion of graphite. Even for
nonhydrostati ompression (without any pressure medium), hanges to the Raman spetra of
SWNTs were reported to be mostly reversible [39℄. Obraztsova et al. [33℄ also reported some
persistent broadening of the tangential band after subjeting PLV buky paper to a maximum
pressure of 89 GPa (nitrogen pressure medium). At variane with the previous authors, however,
they did nd evidene for the formation of graphiti needles at the bases of the SWNT bundles
in HRTEM images (Fig. 16). There is a possibility that graphiti partiles have also formed in
the experiments of Teredesai et al. but remained undeteted in the x-ray diratograms due to
a rather small partile size (x-ray reetion broadening due to size eets) and/or small volume
fration ompared to the abundane of ∼8% graphite in the starting material [58℄.
Shear Deformation Intentional generation of shear strain in a modied DAC under load was
reported to ause a onversion of graphite into amorphous arbon plus diamond partiles (20
500 nm in diameter) at ambient temperature and pressures as low as 2125 GPa [72℄. In the
spirit of this approah, Popov et al. [73℄ subjeted PLV buky paper to a shear deformation at
high pressures. The shear fores were generated in a DAC by rotating one of the anvils around
the axis of load, with the sample being pressurized without a pressure transmitting medium.
Raman spetra were reorded both in situ to monitor the pressure-indued hanges and on the
reovered speimen in order to obtain information on irreversible strutural hanges (Fig. 17).
Apart from some persistent broadening of the T -band, the main eet of the shear-deformation
treatment appears to be a major redution in intensity of all bands but the one near 1350 m
−1
(defet-related D-band). All bands, inluding the radial mode, remain observable, though. These
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Figure 15: Raman spetra of AD-SWNTs as prepared and after pressure release from a maxi-
mum quasi-hydrostati pressure of 26 GPa (methanol/ethanol/water pressure medium), showing
hanges of the R band and irreversible broadening of the T band. The measured spetra are
represented by irles, solid lines are ts to the spetra with the dotted lines indiating the tted
Lorentzian peaks. Reprodued from Ref. [39℄.
Figure 16: (left) Ambient-pressure Raman spetra of PLV buky paper as prepared and af-
ter pressure release from a maximum quasi-hydrostati pressure of 8.2 GPa (nitrogen pressure
medium), showing irreversible broadening of the T band. (right) HRTEM image of graphiti nee-
dles that were observed at the base of SWNT bundles after appliation of hydrostati pressure
of 89 GPa. Reprodued from Ref. [33℄.
observation are onsistent with expetations one may have on the basis of the irreversible hanges
reported in previous experiments, e.g., by Obraztsova et al. [33℄ and Teredesai et al. [39℄.
Popov et al. [73℄ identied the shear-deformation treated SWNTs as a superhard phase of
SWNTs. Results of nano-indentation hardness measurements were presented, in the rst plae,
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Figure 17: Ambient-pressure Raman spetra in the spetral region of the tangential modes
(∼1600 m−1) and the defet-related D band (∼1350 m−1) of (a) SWNT as grown and (b) shear-
deformation-treated SWNT after pressure release. () R bands and (d) seond-order Raman
spetra of as-grown SWNT (lower traes) and shear-deformation-treated SWNT (upper traes).
Reprodued from Ref. [73℄.
in order to substantiate their laim. The reovered material is supposed to have a hardness in
the range 62150 GPa, i.e., in the hardness range spanned by ubi boron nitride and diamond.
Hardness measurements with indentations as small as a few tens of nm appear to be a deliate
proedure [74℄, the auray of whih is diult to assess. In the seond plae, they laim that
the shear-deformation treated SWNT have a bulk modulus of 462546 GPa, larger than that of
diamond (442446 GPa) [75, 76℄. Besides the fat that a large bulk modulus is not a suient
ondition for high hardness [77℄, the laim turns out to be untenable in view of the available
experimental data.
A ruial assumption in the determination of the bulk modulus (from the pressure dependene
of the T band wavenumber) was that the mode Grüneisen parameter γ is about 1.0 for the T -like
mode of the high-pressure treated SWNT. There is, however, no basis for suh a supposition. Due
to very anisotropi ompression properties, the E2g(-like) modes in graphite and as-grown SWNTs
have mode Grüneisen parameters muh smaller than 1, on the order of 0.1 [25℄. Therefore, there
is no reasonable a priori hoie for the Grüneisen parameter, anything in the range 0.11 would
be reasonable, and even values outside that range annot be exluded. The assumption of γ ≈ 1
does not appear suitable in order to substantiate the laim of a bulk modulus exeeding that of the
most inompressible material known. So far, a shear-strain-indued transformation of SWNTs
into a material with very high hardness has not been onrmed in independent investigations.
MWNT-to-Diamond Transformation Transformation of multi-wall nanotubes into dia-
mond by simultaneous appliation of high pressures and high temperatures (HP/HT) was demon-
strated by Tang et al. [78℄ and Yusa [79℄. The former authors used puried MWNTs (and graphite
for omparison) as a starting material together with a Ni-based alloy as a atalyst. The sample
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Figure 18: Raman spetra of (a) puried multi-wall arbon nanotubes as used as a starting
material and after treatment at (b) 6.0 GPa/1600°C and () 7.0 GPa/1800°C. The material was
puried again after the HP/HT treatment [80℄. Reprodued from Ref. [78℄.
was pressurized in a boron nitride apsule using a 600-ton large-volume press. At pressures of
6.0 GPa and 7.0 GPa, the speimen were heated to 1600°C and 1800°C, respetively, for several
seonds. The temperature was then dereased and the pressure released to ambient onditions in
1 min. The treatment at 6.0 GPa/1600°C had little eet on the Raman spetrum of the MWNTs
(Fig. 18). After treatment at 7.0 GPa/1800°C and puriation of the reovered material, how-
ever, the Raman spetrum hanged ompletely. The T -band vanished and a new, relatively
narrow peak appeared at 1332 m
−1
, whih oinides with the position of the Raman peak of
diamond. X-ray diration data were reported to support fully the notion of a transformation of
the MWNTs into ubi diamond when subjeted to 7.0 GPa and 1800°C [78℄. Sanning eletron
mirosopy (SEM) images of the transformed sample showed that there are many graphite-like
akes besides the diamond grains. The partiles of unonverted arbon and the atalyst ould
be removed by ething with aqua regia (HCl and HNO3). The SEM images indiated further
that the diamond grains obtained from the nanotubes did not have a rystal form as well-shaped
as those produed from graphite under the same pressure/temperature onditions. The former
had many defets whih appeared to be remnants of nanotubes. Tang et al. arrived at the on-
lusion that multi-wall arbon nanotubes are not a better soure than graphite for the synthesis
of diamond despite the partial sp3-like hybridization.
The possibility of transforming MWNTs into diamond at high pressure in a laser-heated DAC
without the use of a atalyst was investigated by Yusa [79℄, in ontinuation of previous experi-
ments on graphite [81℄. The starting nanotube sample (5 µm in thikness, 150 µm edge length)
was enlosed in KBr to prevent diret thermal ontat between the nanotubes and the diamond
anvils. The nanotubes were heated with a ontinuous-wave CO2 laser (maximum output power
of 240 W) to a temperature of 25003000 K, as estimated from the emitted thermal radiation.
After a few tens of seonds of heating, a transparent phase appeared at the irradiated spot. The
transparent part of the reovered sample exhibited a single Raman peak at ∼1324 m−1, slightly
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Figure 19: Raman spetra of (a) the transparent material produed from MWNTs at ∼17 GPa
and laser-heating to 25003000 K in a DAC and (b) a syntheti diamond rystal. Reprodued
from Ref. [79℄.
below the position of the Raman peak of bulk diamond (Fig. 19). Down-shift and broadening
of the Raman peak were attributed to partile size eets [82℄. The view that the MWNTs
were onverted to diamond was supported by eletron diration on the reovered transparent
material. It exhibited only the reetions of diamond, but not the harateristi (0 0 2) reetion
of MWNTs and graphite. Further support ame from eletron energy loss spetrosopy (EELS,
K-edge absorption and plasmon loss) that gave evidene for sp3 hybridization and loss of the
pi-eletron signature in the onverted sample. EELS and energy-dispersive x-ray analysis (EDX)
did not yield indiation of the presene of any element other than arbon. SEM images evi-
dened a granular struture of the reovered material with partile sizes of less than 50 nm. The
upper size limit was related to the diameter of the initial MWNTs and taken as indiation that
the nano-sized diamonds were formed by diret transformation of the nanotubes, without going
through a molten state.
Yusa's observation of a granular struture is quite similar to the earlier ndings of Tang
et al. [78℄. At variane with the latter authors, Yusa did not report the presene of graphiti
partiles. The assignment of the down-shift of the diamond Raman peak in one of the experiments
to partile size eets may need reonsideration as the diamond grains appear to have a similar
size distribution in both experiments.
Polymerization of SWNTs The possibility to polymerize single-wall arbon nanotubes at
high pressures and temperatures was explored by Khabashesku et al. [67℄. Puried PLV-grown
SWNTs, pressed into pellets with a size of ∼2.5 mm, were used as the starting material. Pressures
up to 10 GPa were generated in piston-ylinder-type and toroid-type high-pressure apparatuses.
In several runs, samples were heated to temperatures in the range 2001500°C for 5300 s,
quenhed to ambient onditions, and then haraterized by Raman spetrosopy, x-ray and
eletron diration, eletron mirosopy, EDX, and in some ases by eletron miroprobe analysis
(EPMA).
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Figure 20: Raman spetra of SWNT samples after HP/HT-treatment at 8.0 GPa and tempera-
tures of (a) 200°C, (b) 500°C, () 800°C, (d) 1200°C, and (e) 1500°C (λex = 780 nm). Reprodued
from Ref. [67℄.
The rst set of experiments was performed at quite low a pressure of 1.5 GPa beause of the
strutural hanges ourring in SWNTs near 2 GPa (f. setion 3.3) and beause C60 starts to
polymerize at suh low pressures [68℄. Treatment at temperatures up to 700°C mostly aeted
the D mode near 1300 m−1 in the Raman spetrum of the reovered material. This defet-
related mode showed some inrease in intensity with inreasing maximum temperatures of 300,
500, and 700°C. The D mode was assoiated here with defets in the form of intertube sp3-type
CC bonds on the basis of x-ray diration and SEM data. The initial SWNT bundles ould
mostly be restored after soniation of the HP/HT-treated material in propanol for two hours.
HP/HT treatment at 8.0 GPa and temperatures up to 1500°C lead to more pronouned
hanges. For temperatures of 1200 and 1500°C, the Raman R band near 200 m−1 and the D
band overtone near 2580 m
−1
disappeared, and the T band substantially dereased in intensity
(Fig. 20). The intensity of the D band of all reovered samples was muh larger than in the
pristine SWNTs. With inreasing temperature the D band shifted to higher wavenumbers. This
was taken as indiation of a possible formation of sp3-type CC bonds muh like in diamond.
Eletron mirosopy and eletron diration indiated a polyrystalline struture of the samples.
Treatment at the highest temperature of 1500°C, however, resulted in a predominant formation
of graphite as evidened by the Raman and x-ray diration data.
At a pressure of 9.5 GPa, polyrystalline material formed already at temperatures of 400 and
600°C. Eletron diration data of the 600°C-sample was taken as evidene for the formation of
partiles of hexagonal and ubi diamond. Altogether, these experiments evidened irreversible
hanges to SWNTs when subjeted simultaneously to pressures up to 9.5 GPa and temperatures
up to 1500°C. Changes to SWNT bundles subjeted to 1.5 GPa ould be reversed by soniation.
SWNTs exposed to 9.5 GPa/600°C showed signs of a transformation into hexagonal and ubi
diamond.
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Conlusions A shear-deformation treatment of single-wall arbon nanotubes was reported to
yield a superhard phase of arbon nanotubes. This laim, however, appears to require further
experimental substantiation. SWNTs treated at high pressures/temperatures showed indiation
of the formation of ovalent intertube CC bonds, i.e., polymerization. At 9.5 GPa and 600°C,
there were signs of a synthesis of hexagonal and ubi diamond partiles. The transforma-
tion of multi-wall arbon nanotubes into diamond was ahieved by simultaneous appliation of
high pressures and temperatures. The results, however, fell short of the expetations that the
onversion might be realized at milder pressure/temperature onditions than required for the
transformation of graphite.
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6 Conluding Remarks
Raman sattering studies of arbon nanotubes at high pressures have made important ontribu-
tions to our understanding of these materials. In partiular, they have pointed out the importane
of the van-der-Waals type intertubule interation, that had been assumed for a long time to have
only negligible eet on the strutural, vibrational, and eletroni properties. There remain,
however, a number of open questions and hallenges. One of the latter is the investigation of
truly individual SWNTs (rather than small bundles) under hydrostati pressure. This would
address the question of the eet of the van-der-Waals interation in very small bundles raised
by the investigation of solubilized SWNTs. Further progress in the preparation of debundled
SWNTs may open way to suh experiments. Alternatively, one may onsider deposition and lo-
alization of individual nanotubes on the anvil of a DAC in the spirit of reent experiments [83℄
on isolated SWNTs at ambient onditions.
The interation of pressure media with arbon nanotubes and possible interalation has only
been touhed upon. It seems that methanol/ethanol does not enter the interstitial hannels in
SWNT bundles although geometrial onstraints do not exlude this possibility [32℄. Helium
and nitrogen were employed as pressure media in a few ases [33,40℄, but without obvious eet
on the nanotube properties. On the other hand, the ondensation of He in the inside and the
interstitial hannels of SWNTs was studied theoretially [84, 85℄. Helium was predited to form
a one-dimensional liquid or solid within the tubes/hannels. Interalation of He or other small
atoms/moleules into arbon nanotubes at high pressure may provide a means to realize and
study quasi-one-dimensional liquids.
Raman spetrosopy has proven a useful tool to monitor attempts to transform arbon nano-
tubes into diamond and other superhard materials. Both single- and multi-wall arbon nano-
tubes were reported to transform into diamond at simultaneously high pressures and tempera-
tures. So far, however, the results fell short of the expetations that this transformation may
our at milder onditions than in the ase of graphite. Along this line of thought, one may spe-
ulate about the possibility of reating arbon nanotubes with nitrogen in a laser-heated DAC in
order to synthesize arbon nitride phases. This lass of ompounds has attrated a lot of interest
in reent years [77,86,87℄ beause of preditions of a high bulk modulus of β-C
3
N
4
omparable to
that of diamond [88℄. The alulated shear modulus, however, amounted only to ∼60% of that
of diamond so that one should expet a hardness loser to that of ubi boron nitride. Other
arbon nitride phases suh as spinel-type C
3
N
4
[86℄ may, however, possess a muh higher hard-
ness. The prospet of possibly synthesizing new arbon phases and substanes of high hardness
will probably stimulate further researh on the pressure-indued strutural transformations of
arbon nanotubes.
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